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Hardfacing is a widely diffused technique adopted to increase service life of parts for heavy-duty applications. Even though
hardfacing alloys feature optimized chemistry and microstructure for specific service conditions, dilution with substrate modifies
the resulting properties along a significant fraction of the deposit thickness. In particular, C and B diffusion to the substrate alters
hypereutectic alloys reducing the carbide-forming ability andmodifying the solidification sequence. In the present paper, the effect
of dilution on a hypereutectic Fe-C-B based alloy containing Cr and Mo was investigated. The effect of dilution on the reference
alloy was studied by producing laboratory castings with an increased amount of Fe, up to 50 mass %. The obtained results were
compared with the dilution of the hardfacing alloy cast on steel substrates. The microstructural evolution was analyzed by XRD
(X-ray diffraction), differential scanning calorimetry (DSC), optical microscopy (OM), and scanning electron microscopy (SEM),
whereas mechanical behaviour was evaluated by hardness measurements and wear resistance by pin-on-disc tests.
1. Introduction
White cast iron is known for its excellent resistance to
abrasion and oxidation and has been widely used in aggres-
sive conditions, including mining and mineral processing,
cement industry, and polymer extrusion [1–3]. Alloys con-
taining a high amount of carbide-forming elements can be
utilized not only like as-cast products, but also like hardfacing
alloys for producing deposits with thickness up to the
millimeter scale. Low-carbon Fe-based hardfacing alloys are
usually selected for situations involving moderate abrasion
and impact loads, whereas the higher-carbon hypereutectic
alloys are used for applications featuring severe abrasion and
limited impact applications due to their lower fracture tough-
ness [2, 4, 5]. Suitable deposition processes of hardfacing
alloys rely on welding-based techniques (e.g., tungsten inert
gas deposition and plasma transferred arc), on laser cladding,
or on spin casting of the molten alloy inside hollow parts
[6]. Nowadays, controlling dilution is gaining importance for
all the abovementioned deposition techniques, in order to
obtain high quality coatings [6, 7]. In literature geometric and
chemical dilutions are defined [7]. The geometric dilution is
a function of deposit height and depth, while the chemical
dilution is related to the enrichment of element diffusing from
the substrate toward the deposit [7]. Particularly in the case
of hardfacing alloys containing a high amount of alloying
elements, controlling chemical dilution represents a key
factor for realizing coatings with high tribological properties
throughout their volume. In fact, if a minimum dilution
is necessary to guarantee a good metallurgical bonding
between coating and substrate, an excessive dilution does not
allow preservation of the optimized chemical composition
and homogeneous properties of the coating. The dilution
depends on the diffusion of the elements from and toward
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Table 1: Composition (mass %) of the base alloy and diluted alloys.
C + B Ni Mn Cr Si V Mo Cu Fe
Base alloy 5.72 4.46 0.50 9.7 2.04 0.09 5.29 1.20 Bal.
Base alloy + 20Fe 4.59 3.20 0.22 7.61 1.66 0.08 4.30 1.19 Bal.
Base alloy + 30Fe 4.02 2.80 0.19 6.66 1.46 0.07 3.76 1.04 Bal.
Base alloy + 40Fe 3.44 2.40 0.16 5.71 1.25 0.06 3.22 0.89 Bal.
Base alloy + 50Fe 2.87 2.00 0.14 4.76 1.04 0.05 2.69 0.75 Bal.
the substrate and on the melting of a small area of the
substrate during the deposition. Hence, according to the
Arrhenius equation, temperature, alloy composition, and
cooling rate are process parameters to be evaluated [8, 9].
In particular, the diffusion of the interstitial elements, like
C and B, could widely modify the solidification range of the
alloy with a significant effect on the formation of porosities
during the deposition process. It is established that the
wider the solidification range, the higher the hot cracking
probability in cast alloys [10]. There are a few studies carried
out with a systematic approach on the effects of chemical
dilution on the microstructure, melting behavior, hardness,
and wear resistance of hardfacing alloys deposited by welding
techniques [11, 12].
In this research, possible detrimental effects of the chem-
ical dilution have been analyzed. In a first step the dilution
of the base alloy was simulated by a gradual addition of
pure Fe. In a second step, more representative dilution
conditions were generated by casting the hardfacing alloy
directly in a steel crucible. The proposed approach was
specifically developed to simulate the spin casting process
used to produce hard inlay layers on the inner surface of large
barrels to be used, for instance, in polymer extrusion industry.
This process has to be considered as a sort of centrifugal
casting where a low-melting point alloy is spun against the
inner surface of a pipe, inducing important effects related to
dilution of the hardfacing alloy with the substrate.
2. Materials and Experimental Procedures
In a first stage, the addition of the pure Fe powders to the
base alloy was selected in order to simulate different dilution
levels starting from 20% up to 50% (inmass %), obtaining the
compositions reported in Table 1.
After blending, the powders were placed in alumina
crucibles and melted. In the second stage, casting of the
hardfacing alloy directly in steel crucibles was realized using
molds with a size of 30mm in length, 15mm in width, and
10mm in depth (see Figure 1). The thermal cycle applied for
the melting was similar to that currently used in industrial
processing in a furnace equipped with a flow of Ar as
shielding gas. DSC was used to measure liquidus and solidus
temperatures as well as solid-state phase transformations of
the alloys. DSC thermograms were generated by imposing
a heating ramp up to 1250∘C at a rate of 30∘C/min and
15-minute holding at maximum temperature followed by a
cooling step at the same rate on samples of about 100mg, in an
argon gas atmosphere. In particular, heat flowwas recorded as
a function of temperature and by analyzing the cooling curves
the offset and onset points of the melting and solidification
ranges were determined.
X-ray diffraction (XRD) analyses were performed to
identify alloy phases found after solidification of the powders.
XRDmeasurements were carried out by a PANalytical X-Pert
PRO instrument, with a 𝜃-𝜃 configuration, equipped with a
RTMS X’Celerator sensor. CuK𝛼 (𝜆 = 0, 15418 nm) radiation
was employed to perform the tests. The XRD spectra were
evaluated using the JCPDS database. Microstructural inves-
tigations were carried out after metallographic polishing and
etching with Nital 2% and Marble solution, using an optical
microscope (OM) by Leitz Aristomet and a scanning electron
microscope (SEM) by Zeiss EVO 50, generally operated at
an accelerating tension of 20KeV with a working distance
of 10mm in secondary electron (SE) and backscattered
electron (BSE) mode. The “ImageJ” software was adopted for
measuring the phase volume fraction. Macrohardness tests
were carried out using Vickers equipment with a load of
294.3N on the indenter, while microhardness was performed
with a load of 19.6N to realize hardness profiles in the welded
microstructure. Wear tests were carried out on sectioned
samples using a pin-on-disc tribometer by CSM Instruments
with a Si
3
N
4
ball (diameter of 6mm) as a pin, at linear
sliding speed of 0.1m/s along a circular path of about
10mm in diameter. A normal load of 5N was used for
about 9000 cycles, corresponding to a sliding distance of
300m. Wear tracks were observed by SEM and their profiles
were measured using a contact profilometer from which the
volume loss was determined once the wear track length was
known.
3. Results and Discussion
3.1. Solidification Behavior and Microstructure after Dilution.
The reference alloy is made of Cr-rich carbides and borides,
with a volume fraction of 84 ± 4.65%, of a metallic phase,
and of Mo-rich phases characterized by two different mor-
phologies: lamellar and blocky shapes. The different phases
detected in the base alloy are described in theOMand in SEM
micrographs of Figure 2 as well as in the XRD spectrum of
Figure 3.
In particular EDS andXRDanalysis revealed the presence
of M
2
B borides, with a tetragonal crystal structure, M
7
C
3
carbides (D, C point analysis of Figure 2), M
23
(C, B)
6
, M
3
(C,
B) carboborides (B point analysis of Figure 2), and 𝛼-Fe
matrix. These results are consistent with the microstructure
observed by Ro¨ttger et al. in a FeCrMoCB hardfacing alloy
(X200CrNiBMo10-4-3-3 steel) with a chemical composition
very close to the base alloy studied in this research [13].
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(a) (b)
Figure 1: Cross-section of the steel crucible after melting of the hardfacing alloy (a). (b) A magnification of the interface between the coating
and the substrate.
Primary carboborides
Matrix
50𝜇m
(a)
A
C
D
B
20𝜇m
(b)
Point analysis Si V Cr Mn Ni Cu Mo Fe
A 0.03 0.36 9.06 0 0.63 0.07 63.23 Bal.
B 0.12 0.31 21.13 0.16 1.67 0.34 7.4 Bal.
C 0.04 0.05 15.63 0.39 1.8 0.15 2.22 Bal.
D 0 0 17.10 0.19 2.03 0.22 2.58 Bal.
(c)
Figure 2: Microstructure of the reference alloy: OM (a) and SEM-BSE micrograph (b). The table contains the EDS microanalysis related to
the point analysis of (b).
The primary M
2
B and M
7
C
3
phases appear as darker
phases in BSE images. On the contrary, Mo-rich phases
appear as brighter phases owing to the high content of heavier
elements (A point analysis of Figure 2). Considering the low
amount of the Mo-rich phases, as it will be discussed below,
it was difficult to establish the crystallography of these phases
through XRD analysis. However, as reported by Ro¨ttger et al.,
theMo-richM
3
B
2
borides were detected in these FeCrMoCB
hardfacing alloys [13].
Themicrostructure of the diluted alloys after the different
Fe additions is reported in Figure 4 (OMmicrographs) and in
Figure 5 (SEM-BSE micrographs).
It is revealed that the diluted alloys featured a hypereutec-
tic solidificationmode, up to high dilution rates of 30%: at this
level the microstructure became near-eutectic (Figure 4(b))
and at 40% and 50% dilution primarymetallic dendrites with
a bainitic-martensitic structure were observed (see Figures
4(c), 4(d) and 5(c), 5(d)). Moreover, for Fe level exceeding
30%, the presence of the M
2
B borides and M
7
C
3
Cr-rich
carbides was suppressed and the presence of a high amount
of eutectic structure was detected (see Figures 4(c) and 5(c)).
The volume fractions of the primary phases and of M
2
B,
M
7
C
3,
and Mo-rich phases as a function of dilution levels
are reported in Figure 6. As already mentioned, the eutectic
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Figure 3: XRD spectra of the investigated hardfacing alloy.
Primary carboborides
Matrix
50𝜇m
(a)
Primary carboborides
Matrix
50𝜇m
(b)
Metallic dendrites50𝜇m
(c)
Metallic dendrites
50𝜇m
(d)
Figure 4: Optical micrographs of the diluted alloys with different Fe addition: 20 mass % Fe (a), 30 mass % Fe (b), 40 mass % Fe (c), and 50
mass % Fe (d).
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Primary carboborides
Matrix
20𝜇m M3(C, B)
(a)
Primary carboborides
Mo-rich phases
20𝜇m M3(C, B)
(b)
Metallic dendrites
Mo-rich phases
20𝜇m
(c)
Metallic dendrites
Mo-rich phases20𝜇m
(d)
Figure 5: SEM-BSE micrographs of the diluted alloys: 20 mass % Fe (a), 30 mass % Fe (b), 40 mass % Fe (c), and 50 mass % Fe (d).
composition corresponds to a dilution rate close to 30% Fe
(Figure 6(a)).
The lamellar Mo-rich phase content decreased with
increasing dilution rate and remained almost constant at the
highest levels of dilution. The blocky Mo-rich phase, on the
contrary, decreased down to zero at the maximum dilution
rates (Figure 6(b)).
The effect of the dilution on the solidification interval
of the diluted alloys is depicted in Figure 7. By increasing
the dilution, the solidification temperatures were shifted to
higher values but the solidification range remained almost
constant at a value of 87 ± 7∘C up to 30% dilution. In
correspondence to this Fe addition, the solidification gap
reached a minimum value. This result is consistent with
the near-eutectic microstructure of the alloy where the low
melting eutectic solidifies.
After the eutectic point, the gap increased again for the
highest dilution levels obtaining a solidification range close
to that measured for the pure alloy. As it is known too small
solidification ranges could be detrimental for the hardfacing
alloy deposition process due to the difficulty for the liquid
alloy to fill the interdendritic voids during solidification.
On the contrary, too wide solidification range alloys were
revealed to be much more prone to hot cracking [10].
3.2. Hardness and Wear Behavior. In order to analyze the
hardness behavior of the base alloy after dilution, the macro-
hardness of the alloys with the increasing Fe levels (Figure 8)
was measured. Hardness remained substantially unchanged
by the first addition of 20% Fe (original alloy hardness
was 911 ± 32.12, and 20% diluted alloy hardness became
923 ± 7.78), whereas, above 20% Fe dilution, it markedly
decreased due to the reduced fraction of primary hard phases
and of Mo-rich blocky phases and due to the shift to the
hypoeutectic microstructure (see Figures 3 and 4).
For analyzing the possible effects of the dilution on wear
properties, the nondiluted alloy and the diluted alloy with
30% of Fe addition were compared by pin-on-disc tests. This
value of Fe addition was selected in order to reproduce a real
microstructure of the base alloy obtained after the deposition
in a region close to the steel substrate.
The evolution of the friction coefficient of the base alloy
and of the diluted alloy is shown in Figure 9, while the volume
loss data are reported in Table 2.
A volume loss three times lower was measured in the
original base alloy when compared to the diluted alloy.
In the worn surface of the original hardfacing alloy were
detected only shallow grooves as shown in Figure 11(a). This
result is in accordance with the high hardness of the alloy
itself (Figure 8). On the contrary, in the diluted alloy the wear
grooves appeared deeper and with a larger number of sharp
scratches as an evidence of the ploughing action generated
by the worn debris on the relatively softer alloy surface.
Moreover, the surface oxidation effect was more evident in
the diluted alloy, as confirmed by the BSE micrographs of the
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Figure 6: Primary phase evolution with increasing dilution rate (a), fraction of the M
7
C
3
carbides, M
2
B borides, and Mo-rich phases in the
diluted alloys (b).
0 10 20
900
950
1000
1050
1100
1200
1300
1250
1150
30 40 50 60
Fe dilution (wt.%)
T liquidus
T solidus
Te
m
pe
ra
tu
re
 (∘
C)
Figure 7: Solidification ranges of the base alloy and of the diluted
alloys.
Table 2: Volume loss of the investigated alloys after wear tests.
Alloy Volume loss (𝜇m3)
Base alloy 384 × 104 ± 44.7
Base alloy + 30Fe 1193 × 104 ± 70.3
tracks and by EDSmicroanalysis (Figure 10), probably related
to the lower amount of hard phases (see Figure 6(a)).
3.3.Microstructural Evolution of the Base Alloy afterMelting in
the Steel Crucible. In Figure 11 the microstructural evolution
700
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Figure 8: Macrohardness of the base alloy and of the diluted alloys.
along the thickness of the hardfacing alloy is shown after
melting and solidification in the steel crucible.
Themiddle and the top parts of the coating alloy show an
evident hypereutectic microstructure close to that observed
in the original alloy (see Figure 2). On the contrary, close to
the interface between the hardfacing alloy and the substrate,
a 300 𝜇m layer characterized by an eutectic structure was
detected. Considering the microstructural evolution of the
diluted alloys (Figures 4 and 5), this area has a near-eutectic
microstructure that corresponds to a dilution level higher
than 30%, with the presence of Mo-rich lamellar phases and
without M
2
B and M
7
C
3
phases (see Figure 11(f)). Moreover,
localmelting of the substrate occurs during the process as can
be observed by the irregularities at the interface between the
coating and the substrate (Figure 11(f)).
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Figure 9: Evolution of the friction coefficient of base alloy and diluted alloy.
10𝜇m
(a)
A
B
10𝜇m
(b)
(keV)
8.587 7.56 6.55 5.54 4.53 3.52 2.50.5 1 1.5
Full scale 1540 cts. Cursor 2.426 (43 cts)
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O
Cr
Cr
Fe
Fe
Ni
Cr
Fe
(c)
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8.587 7.56 6.55 5.54 4.53 3.52 2.50.5 1 1.5
Full scale 2994 cts. Cursor 3.779 (63 cts)
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Fe
Mn
Fe
CrSi
Fe
Ni
Mn
Cr Mn
(d)
Figure 10: SEMmicrographs obtained by SEM-BSE of the wear tracks of the base alloy (a) and of the diluted alloy with 30% of Fe (b), tested
after a sliding distance of 300m. The reported spectra (c) and (d) are, respectively, related to the points A and B of (b).
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100𝜇m
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100𝜇m
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20𝜇m
(f)
Figure 11:Optical and SEM-BSEmicrographs of the hardfacing alloymelted in the steel crucible taken at different positions on cross-sectioned
samples: top (a), (b), middle (c), (d), and bottom part (close to interface with the substrate) (e), (f).
Several porosities were detected in the region where the
most evident microstructural changes have been detected,
moving from the eutectic to the hypereutectic structure. One
possible reason of this phenomenon can be the difference in
the solidification ranges between the high diluted alloy at the
interface and the hypereutectic alloy of the remaining volume
of the coating. As it was observed by the DSCmeasurements,
the solidification range of the diluted alloys reached a min-
imum value in correspondence to the eutectic composition
with the increasing of solidification temperature (Figure 7).
The hardness profile measured along the cross-section of the
alloy cast in the steel crucible is reported in Figure 12. The
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Figure 12: Cross-section (a) and corresponding hardness profile of the base alloy cast in the steel crucible (b).
obtained results are consistent with the previous hardness
measurements and with the microstructural results showed
above (see Figures 8 and 11).
At the interface with the substrate, a lower hardness value
was measured in correspondence to the eutectic structure.
On the contrary, the middle and the top regions were
characterized by hardness values close to that measured in
the original hardfacing alloy (see Figures 8 and 12).
4. Conclusions
The microstructural behavior after dilution of a Fe-based
hardfacing alloy containing a high amount of carbide-boride
forming elements was studied. The addition of up to 50
mass % Fe shifted the microstructure from an almost fully
hypereutectic structure to a hypoeutectic structure.The effect
of dilution on the solidification behavior was remarkable,
particularly when the eutectic composition was obtained. In
this condition the solidification range reached a minimum
value. The hardness and wear properties of the diluted alloys
were greatly influenced when the dilution level became
higher than 30 mass % Fe. The analyzed effects of the
dilution are considered to be of significant importance for
the optimization of cladding alloy properties along the full
thickness of the coatings.
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